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Abstract 
In this study, TiO2 nanorods arrays (TiO2 NRAs) were synthesized by hydrothermal method. The maxima current 
density and conversion efficiency were 2.5 mA/cm2 at 1.23 V vs. RHE and 0.95 % with length of 6-7 ȝm under AM 
1.5G 1sun condition. To improve the conversion efficiencies, Cu2ZnSnS4 (CZTS), which owns direct band gap 
semiconductor with 1.5 eV and suitable band positions, was employed to extend the absorption range. In this study, 
CZTS nanoparticles were decorated on TiO2 NRAs with adhesion layer by using solvothermal method. Finally, ZnS 
layer was used as passivation layer for increasing conversion efficient. By using ZnS as passivation layer, the current 
density increased from 2.92 mA/cm2 to 6.91 mA/cm2 and the conversion efficiency increased from 1.44 % to 3.50 %. 
According to electrochemical impedance spectroscopy (EIS) analysis, the result showed that the ZnS layer could 
reduce the electron-hole recombination loss to improve the conversion efficiency. 
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1. Introduction 
For photoelectrochemical (PEC) cells, semiconductor materials are often used as absorbers to convert 
solar energy into hydrogen (H2). H2 can be regarded as a kind of fuels, which can be used in fuel cells to 
convert chemical energy to electrical power with only water as byproduct. Until now, titanium dioxide 
(TiO2) is extensively used for photocatalyst or photoelectrochemical (PEC) electrode for H2 generation. 
However, the maximum conversion efficiency of rutile phase TiO2 is only 2.2% under AM1.5 
illumination due to its wide band gap (3.0~3.2 eV)[1]. To enhance visible light harvesting ability, several 
narrow band gap semiconductors, such as CdS[2], CdSe[3] and PbS[4], are widely employed for 
sensitizing TiO2 electrodes. 
In this work, Cu2ZnSnS4 (CZTS) was used as sensitizer to decorated on the surfaces of TiO2 PEC 
electrodes to study the conversion efficiency due to its suitable band gap (1.0~1.5eV), earth abundantly 
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and cheap constituents, non-toxic and high absorption coefficient (~104). So far, the efficiency of thin 
film type CZTS solar cells has achieved 12% [5]. 
2. Experimental section 
Before TiO2 nanorods (NRs) growth, a thin TiO2 seedlayer was conducted by immersing FTO 
substrate into 0.2 M of TiCl4 aqueous solution for 12 h in ambient. Then TiO2 seeded FTO substrates 
were annealed under 500oC for 30 min. By using hydrothermal process to grow rutile phase TiO2 NRs on 
seeded FTO substrates in Teflon lined autoclave containing 15mL of HCl, 2 mL of titanium(IV) 
isopropoxide (TTIP) and 20 mL of hexane. The reaction was under 150oC for certain of time. After 
growth, the samples were taken out to rinse with DI-water several times and finally were annealed under 
500oC for 30 min.
To improve CZTS layer decoration, an adhesion layer was firstly deposited on the surfaces of TiO2 
NRs via successive ionic layer absorption and reaction (SILAR). For cadmium sulfide (CdS) deposition, 
TiO2 NRs were sequentially immersed into (1) 0.2 M of Cd(NO3)2 ethanol solution and (2) 0.2 M of Na2S 
methanol/water (7:3, v/v) solution for each 5 min. The procedure was repeated for 2-3 cycles. As for CuS, 
ZnS deposition, the procedure was similar, just replaced Cd(NO3)2 by Cu(NO)2 and Zn(NO)2. 
As for CZTS coating, chemical bath deposition (CBD) was employed to assemble CZTS thin films on 
surfaces of [CdS or CuS or ZnS]@TiO2 NRs. The CBD solution contained 8.33 mM of CuCl2, 8.33 mM 
of ZnCl2, 5.55 mM of SnCl2 and 55.55 mM of CH4N2S. The [CdS or CuS or ZnS]@TiO2 NRs electrodes 
were immersed in the CBD solution at 200°C for 12h.  After coating, the sample was taken out to rinse 
with ethanol and to anneal in N2 under 300oC for 30 min. Finally, zinc sulfide (ZnS) layer was coated by 
using SILAR and the photoelectrode was annealed again under 200oC for 30 min. 
For characterize the performance of the PEC system, a three-electrode configuration was used. 
CZTS@[CdS or CuS or ZnS]@TiO2 NRs, Pt and Ag/AgCl (3M KCl) were used as working electrode, 
counter electrode and reference electrode, respectively. The area of PEC electrode was confined by epoxy 
to be 0.4x0.4 cm2. An aqueous solution containing 0.25 M of Na2S and 0.35 M of Na2SO3 was used as the 
electrolyte. A 300 W xenon lamp with AM 1.5G filter was used as light source under 1 sun condition 
(100 mW/cm2). 
3. Results and discussion 
Typical scanning electron microscopy (SEM) images of TiO2 NRs grown on FTO substrates around 
8h, were shown in Fig. 1(a)-(b).  The lengths and diameters of TiO2 NRs were about 6-7 Pm and 30-40nm, 
respectively. High-resolution transmission electron microscopy (HR-TEM) showed that as-grown TiO2 
NR owned a single crystallinity (Fig. 1(c)) with lattice spacing of 0.29 nm and 0.32 nm in accord with the 
plane distance of (001) and (220) planes of rutile phase of TiO2. The selected area electron diffraction 
(SAED) pattern also revealed that the TiO2 NR was rutile phase (inset of Fig. 1(c)).  When CZTS was 
decorated directly on the surfaces of TiO2 NRs, sub-micrometer CZTS ball-like structures could be 
observed non-uniformly on the top of TiO2 NRs, as shown in Fig. 1(d). When CdS layer was employed 
before CZTS layer decoration (Fig. 1(e)), CZTS nanoparticles with 10-20 nm could be coated uniformly 
on the surfaces of CdS@TiO2 NRs, as shown in Fig. 1(f). Herein, we believe that CdS could be regarded 
as adhesion layer to assist CZTS coating. 
To characterize the optical properties, UV-visible absorption spectroscopy was used to determine the 
optical band gap of TiO2 NRs, CdS@TiO2 NRs and CZTS@CdS@TiO2 NRs, as shown in Fig. 2(a). For 
photons with energies above band gap of rutile TiO2 (Ȝ < 420 nm), the absorbance achieved 95%. After 
CdS coating, the absorbance edge extended around 510 nm, which agreed with bad gap of CdS (~2.4 eV). 
 
2052   Tsung-Yeh Ho and Liang-Yih Chen /  Energy Procedia  61 ( 2014 )  2050 – 2053 






The light absorption caused by TiO2 NRs and CdS@TiO2 NRs in the long wavelength (O>500nm) due to 
morphological scattering and absorption from FTO substrates.  After CZTS decorated on CdS@TiO2 NRs, 
the absorbance could extended to ca. 1000nm. It indicated that the light harvesting of CZTS@CdS@TiO2 
NRs electrode could cover the solar spectrum from ultraviolet (UV) to near infrared (NIR). Fig. 2(b) is 
the corresponding Raman spectrum to identify the coating materials to be CZTS with characteristic peaks 
of 334 cm-1 and 290 cm-1, which matched the previous literatures. The peaks at 440 cm-1 and 610 cm-1 
belonged to rutile phase of TiO2 NRs. 
 
Fig. 3. (a) Photocurrent densities and (b) conversion efficiencies of TiO2 NRs, CdS@TiO2 NRs, CZTS@CdS@TiO2 NRs and 
ZnS@CZTS@CdS@TiO2NRs.  (c) Photocurrent densities of multilayer decoration with CdS, CuS and ZnS as adhesion layer. 
The performances of PEC cell with multiplayer decoration on the surfaces of TiO2 NRs were shown in 
Fig. 3. The onset potential of bare TiO2 NRs was around 0.2 V vs. RHE and the photocurrent arrived 
saturation around 0.6 V vs. RHE.  The maxima efficiency of bare TiO2 NRs was 0.85 % at 0.6V vs RHE.  
Compared with bare TiO2 NRs, CdS coating showed high photocurrent (3 mA/cm2) at 1.23V vs. RHE, 
which comes from the wide absorption range. In addition, the onset potential shifted to -0.15 V vs. RHE. 
However, the photocurrent density maintained the similar value when CZTS layer decorated on 
CdS@TiO2 NRs furthermore. We speculated that defects would be created when the decoration of CZTS 
and electrons would be recombined via the defects. In this study, ZnS layer was coated as passivation 
layer and the photocurrent could increase from 3mA/cm2 to 6.5 mA/cm2. The influence of adhesion layers 
was also studied and the performances were shown in Fig. 3(c). Similar to CdS, CuS and ZnS used as 
adhesion layer could also improve CZTS film decoration.  However, compared with the case of CdS as 
adhesion layer, ZnS shows the low photocurrent density. It could be attributed to the conduction band 
position of ZnS is higher than that of TiO2 and CZTS. The generated electrons from CZTS could not pass 
through ZnS adhesion layer to inject into TiO2 NRs, which caused seriously recombination loss at the 
interfaces of CZTS and ZnS. 
To further figure out the influence of the ZnS layer, electrochemical impedance spectrum (EIS) was 
employed to investigate the electron transport and recombination loss of PEC cells. EIS were measured 
under AM 1.5 (100 mW cmí2) illumination at open circuit, with the magnitude and frequency of the ac 
signal being 10 mV and 10í1í105 Hz, respectively. Fig. 4 showed Nyquist plots of the PEC cells.  
Fig. 1. SEM images of (a) 45o tilted-view and (b) cross-
sectional of TiO2 NRs grown around 8 h. (c) high-
resolution image of TiO2 NR. SEM images of (d) 
CZTS@TiO2 NRs, (e) CdS@TiO2 NRs and (f) 
CZTS@CdS@TiO2 NRs. 
Fig. 2. (a) UV-visible spectra of TiO2 NRs, CdS@TiO2 
NRs and CZTS@CdS@TiO2 NRs. (b) The corresponding 
Raman spectrum of CZTS@CdS@TiO2 NRs. 
 Tsung-Yeh Ho and Liang-Yih Chen /  Energy Procedia  61 ( 2014 )  2050 – 2053 2053
  
 
Fig4. Nyquist plots of photoelectrodes with and without ZnS layer. The inset is the corresponding equivalent circuit model for 
fitting the analysis results. 





An equivalent circuit model was used to fit the EIS analysis results, as shown in the inset of Fig. 4. Rs, 
Rct,Pt and CP,Pt represent the overall charge transport resistance of whole cell, the charge transfer resistance 
and chemical capacity at the interface of Pt/electrolyte, respectively. Rct and Cȝ represent the charge 
transfer resistance and chemical capacity at the interface of photoanode/electrolyte, respectively. The 
parameters fitting by equivalent circuit were listed in Table 1. The Rct value for the photoelectrode 
without ZnS layer was 186.00 ȍ. The value increased to 325.60 ȍ after ZnS coating. This result 
suggested that the electrons transport inside the photoelectrode could be improved by suppressing the 
recombination loss when ZnS layer was coated on the surface of CZTS@CdS@TiO2 NRs. 
References 
[1] Murphy AB, Barnes PRF, Randeniya LK, Plumb IC, Grey IE, Horne MD, Glasscock JA, Efficiency of solar water splitting 
using semiconductor electrodes. International Journal of Hydrogen Energy 2006;31:1999-2017. 
[2] Su F, Lu J, Tian Y, Ma X, Gong J. Branched TiO2 nanoarrays sensitized with CdS quantum dots for highly efficient 
photoelectrochemical water splitting. Physical Chemistry Chemical Physics 2013;15:12026-32. 
[3] Rodenas P, Song T, Sudhagar P, Marzari G, Han H, Badia-Bou L, et al., Quantum dot based heterostructures for unassisted 
photoelectrochemical hydrogen generation. Advanced Energy Materials 2013;3:176-82. 
[4] Trevisan R, Rodenas P, Gonzalez-Pedro V, Sima C, Sanchez RS, Barea EM, Mora-Sero I, Fabregat-Santiago F, Gimenez S, 
Harnessing infrared photons for photoelectrochemical hydrogen generation. A PbS quantum dot based "quasi-artificial leaf". 
Journal of Physical Chemistry Letters 2013;4:141-6. 
[5] Winkler MT, Wang W, Gunawan O, Hovel HJ, Todorov TK, Mitzi DB. Optical designs that improve the efficiency of 
Cu2ZnSn(S,Se)4 solar cells. Energy & Environmental Science 2014. DOI: 10.1039/C3EE42541J 
[6]  Guijarro N, Campiña JM, Shen Q, Toyoda T, Lana-Villarreal T, Gómez R. Uncovering the role of the ZnS treatment in the 
performance of quantum dot sensitized solar cells. Physical Chemistry Chemical Physics 2011;13:12024-32. 
 
Samples Rs (ȍ) Rct.Pt (ȍ) CP.Pt (PF) Rct (ȍ) CP (PF) 
CZTS@CdS@TiO2 NRs 34.58 72.17 348 186.00 2100 
ZnS@CZTS@CdS@TiO2 NRs 52.46 25.04 187 325.60 1900 
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